Lithium mineralization is common in the Central Iberian Zone and, to a lesser extent, in the Galizia-Trás-OsMontes Zone of Spain and Portugal, occurring along a ∼500 km-long NNW-SSE striking belt. There are different styles of Li mineralization along this belt; they are mainly associated with aplite-pegmatite bodies and, to a much lesser extent, with veins of quartz and phosphate. Lithium mineralization in the Central Iberian Zone may be classified into four types: aplite-pegmatite dykes occurring in pegmatitic fields, Li mineralization associated with leucogranitic cupolas, beryl-phosphate pegmatites and quartz-montebrasite veins. The main Li minerals of these bodies include Li-mica, spodumene and/or petalite in the pegmatitic fields and leucogranitic cupolas; triphylite-lithiophilite in the beryl-phosphate pegmatites, and amblygonite-montebrasite in the quartz-montebrasite veins. The origin of these different styles of mineralization is considered to be related to differentiation of peraluminous melts, which were generated by partial melting of metasedimentary rocks during the Variscan orogeny. On the basis of paragenesis and chemical composition, the pegmatitic fields and Li mineralization associated with granitic cupolas record the highest fractionation levels, whereas the beryl-phosphate pegmatites and quartz-montebrasite veins show lower degrees of fractionation. There are a number of textural and mineralogical indicators for Li exploration in the Central Iberian Zone and in the Galizia-Trás-Os-Montes Zone, with the highest economic potential for Li being in the pegmatite fields.
Introduction
LITHIUM is a relatively rare element in the Earth´s crust. Its uses and, consequently, its price, have increased considerably during the last decade. Among its many uses, the high demand for highefficiency Li-batteries contributes to the increasing Portugal ( Fig. 1 , Table 1 ). The mineralization occurs principally in aplite-pegmatite bodies and, to a much lesser extent, in hydrothermal veins with quartz and phosphates. The first Li ore was mined in the Central Iberian Zone in Portugal, for a short period during the 1920s and 1930s (Garção, 1927) , and consisted of material rich in montebrasite-amblygonite from hydrothermal veins. Subsequently, from the 1970s, lepidoliterich aplite-pegmatite dykes were exploited. More recently, petalite and spodumene-bearing pegmatites have become the main source of lithium ore in this region. Mineralization in the Portuguese part of these zones is nowadays mined intensively, and since 2009 Portugal has become the world's sixth largest producer of Li raw material (Christmann et al., 2015) . With the exception of the first-mined amblygonite-montebrasite assemblage that was used for alkaline accumulators, the main application of lithium extracted in the Central Iberian Zone has been in the ceramics and glass industries.
The aplite-pegmatites exhibit varying degrees of evolution and can show distinct patterns of regional zonation. In some cases these pegmatites form a pegmatite field around a granitic body. This is the case for the Li-Sn-rich Fregeneda-Almendra pegmatite field (Salamanca-Guarda) (Roda et al., 1999; Vieira et al., 2011) and the Barroso-Alvão field (Northern Portugal) (Lima, 2000; Martins et al., 2012) , among others. In other cases, Li enrichment is observed in the marginal and/or apical parts of leucogranites, as in the Pinilla de Fermoselle pegmatite (Zamora) (Roda-Robles et al., 2012b) . Lithium enrichment can also occur in the intermediate zones of coarse-grained berylphosphate pegmatites, usually hosted by granites, such as the Cañada (Salamanca) (Roda et al., 2004) and Mangualde (Viseu) (Carvalho and Farinha, 2004) pegmatites. In addition to pegmatites sensu stricto, other Li-enriched dyke-like bodies related to granitic rocks, are also observed in the Central Iberian Zone, both in Spain and Portugal. These are very rich in quartz and amblygonite-montebrasite, and are considered as hydrothermal veins. Examples include those occurring at Valdeflores (Cáceres) , Golpejas (Salamanca) (Matín-Izard et al., 1992) and Massueime (Guarda) Farinha, 2004, Roda-Robles et al., 2012c) . Geological and mineralogical data indicate that all these types of Li mineralization belong to a metallogenetic province related to the Variscan orogeny. Field, geochemical and structural relationships, as well as the available geochronological data (Roda-Robles et al., 2009), indicate that the origin of the mineralization is most probably related to the major Variscan granitic magmatism occurring between 330 and 290 Ma.
The main Li-rich minerals occurring in the mineralization described here include the silicates spodumene, petalite, Li-rich micas, and the phosphates amblygonite-montebrasite and triphylitelithiophilite. Elbaite is only found as a minor mineral in a few pegmatites. Some, or all, of these minerals have been identified in each of these bodies, in varying modal proportions. In this paper we present a detailed petrographic and compositional description of the Li-bearing minerals in the different types of mineralization, discuss their origin, and their potential for Li-exploration.
Geological setting
Lithium-rich mineralization in the Iberian Massif is located mainly in the Central Iberian Zone and, in a lesser extent, in the Galizia-Trás-Os-Montes Zone to the north-west (Fig. 1 ). This zone, allocthonous to parautocthonous over the Central Iberian Zone, has been considered a subzone of the Central Iberian Zone by some authors (e.g. Julivert et al., 1972) , whereas others consider it a separate zone (e.g. Farias et al., 1987; Arenas et al., 2004) . In the Galicia-Trás-Os-Montes Zone, however, pegmatites only occur in materials that have similar ages and character to those occurring further south in the Central Iberian Zone. For this reason, we include both areas in this study, although it should be noted that Li mineralization is much less abundant in the Galicia-Trás-Os-Montes Zone than in the Central Iberian Zone. The Central Iberian Zone and the Galicia-Trás-Os-Montes Zone together represent the westernmost segment of the European Variscan Belt that was formed in the Upper Paleozoic during the collision of Gondwana and Laurentia (Martínez Catalán et al., 1996) , with three main phases of variscan deformation (Martínez-Fernández, 1974; Noronha et al., 1981) . The Central Iberian Zone is characterized by extensive granitic magmatism and by the occurrence of high-grade metamorphic complexes (Martínez et al., 1988) . It is limited by the Viveiro Fault and its continuation along the Courel and Peñalba Synclinoriums to the north (Martínez Catalán, 1985) , in contact with the West Asturian-Leonese Zone. The Ossa Morena Zone occurs to the south west of the Central Iberian Zone, with the Central Unit of the Badajoz-Córdoba Shear Zone separating both zones (Díez Balda et al., 1990; Azor et al., 1994) . The Central Iberian Zone is divided into two subdomains (Pérez-Estaún et al., 2004) : (1) the Ollo de Sapo Domain to the north, characterized by broad outcrops of gneisses with coarse ovoid megacrystals of feldspar (augen gneisses), syntectonic granites and high-degree regional metamorphism in some areas; and, (2) the Schist-Metagreywacke Complex Domain to the south, where Neoproterozoic to Lower Palaeozoic metasedimentary rocks including metamorphosed shales, sandstones, and minor conglomerates and limestones, are intruded by abundant granitoids (Fig. 1) . The central parts of the Iberian Massif are characterized by voluminous, syn-to late-D 2 , S-type, granitic magmatism (330-290 Ma). Recycling of meta-sediments and meta-igneous materials from the continental crust is the most plausible protolith for most of the granites in the Central Iberian Zone (Bea, 2004) . The granitoids can be grouped into four categories (for an overview see Bea, 2004) : (G1) early granodiorites and monzogranites; (G2) granites and leucogranites from anatectic complexes; (G3) allochthonous granites and leucogranites; and (G4) late granodiorites and monzogranites.
Data collection and analyses
Over 700 samples were collected from the different types of Li mineralization and from their country rocks. Identification of the silicates and phosphates was achieved by studying their optical properties in thin section under the polarizing microscope, powder X-ray diffraction techniques and electronmicroprobe analyses. Over 1400 microprobe analyses of micas, 120 of Li-aluminosilicates, 150 of amblygonite-montebrasite and 340 of Li-bearing Fe-Mn phosphates were obtained. Representative micas and Li-aluminosilicates were analysed at the University of Granada, using a Cameca SX50 microprobe equipped with four wavelengthdispersive spectrometers. Operating conditions were 20 kV accelerating voltage, 20 nA beam current and a beam diameter of ∼2 µm. Both Table 1 . Pouchou and Pichoir (1985) . Analytical errors are estimated to be on the order of ±1-2% for major elements and ±10% for minor elements. The Li aluminophosphates and Li-Fe-Mn phosphates were analysed at the Université Paul Sabatier (Toulouse, The Li content of micas was calculated using different equations based on the positive correlation between Li and F (e.g. Tischendorf et al., 2004 Vieira et al., 2011; RodaRobles et al., 2006) . For other minerals, Li was calculated assuming the ideal content in the structural formulae (for more detail, see Tables 3 to 6).
General geology of the Li mineralization
Lithium mineralization in the Central Iberian Zone is associated mainly with pegmatites, but also with leucogranitic cupolas and quartz-rich hydrothermal veins. Pegmatites are igneous rocks commonly characterized by their coarse, sometimes giant grain size, and commonly by an internal zoning with the development of a massive quartz core, intermediate zone(s) and a wall zone, in the simplest case. Pegmatitic bodies showing these features are common in the Central Iberian Zone, as for example the Puentemocha pegmatite (Salamanca, Spain) (Roda-Robles et al., 2012a) or the Nossa Senhora da Assunção pegmatite (Viseu, Portugal) . These are Be-P-rich pegmatites, belonging to the beryl-phosphate subtype of the Černý and Ercit classification (2005) . However, in the Central Iberian Zone the pegmatite bodies that are most enriched in Li are texturally and compositionally quite different from the more commonly-observed pegmatites. Many of these Li-rich bodies exhibit an aplitic texture, commonly with the development of units with mineralogical layering (line-rock). Coarse crystals are also common, but usually smaller than 10 cm long; and the pegmatites are typically unzoned. However, these bodies are typically notably enriched in Li, with local concentrations exceeding 2 wt.% Li 2 O. The different types of Li-rich mineralization from the Central Iberian Zone and the Galicia-Trás-Os Montes Zone are discussed in detail below (Table 1, Fig. 1 ).
Lithium mineralization in pegmatite fields
This is the most common type of Li mineralization found in the studied region. Lithium-bearing pegmatites crop out in groups of up to a few hundred dykes, hosted in granites and in metasedimentary rocks. These pegmatite dykes are of variable thickness (from a few centimetres up to 30 m), and range from a few metres up to a couple of kilometres long. Their dip is very variable, from sub-horizontal (e.g. Gonçalo and Tres Arroyos fields) to sub-vertical (e.g. Fregeneda-Almendra field). Not all pegmatites in each field are enriched in Li. In some cases the pegmatite fields display a regional zoning, with barren, intermediate and Li-rich pegmatites occurring in different areas of the field, with an enrichment in rare metals mainly including Li and F, but also Sn, P, Nb, Ta, Rb and Cs in some cases, as the distance to the parental granite increases (e.g. Fregeneda-Almendra and Tres Arroyos fields). Usually these Li-rich pegmatites lack internal zoning. The grain size may be very homogeneous (aplitic in some bodies and pegmatitic in others), with crystals only exceptionally >10 cm long; or moderately heterogeneous, with aplitic and pegmatitic facies occurring in the same pegmatite body, without an aparent pattern for the grain size variation inside these bodies. Layering is relatively common in the pegmatites, typically parallel to the contacts with the host rocks. In such cases, the layering is developed throughout the pegmatite (e.g. Fregeneda-Almendra, Gonçalo and Tres Arroyos fields). In the simplest example, the layering consists of two mineral associations (e.g. Li-mica + quartz alternating with albite + quartz, as observed in the Gonçalo and Fregeneda-Almendra fields) (Fig. 2a) ; in other cases there are several different layers forming complex patterns across the dyke. Wedge-shaped crystals of K-feldspar or plagioclase that grew perpendicular to the contacts with the host-rock are common.
The mineralogy of the pegmatites is quite simple, including quartz, albite, K-feldspar and muscovite in the barren dykes; and these minerals together with spodumene, petalite, Li-muscovite and/or lepidolite, in variable proportions, in the Li-rich dykes. Those showing the highest fractionation levels are rich in Li-micas, with up to 35% mica in modal proportions. Amblygonite-montebrasite, cassiterite and Nb-Ta oxides are the commonest accessory minerals in all the dykes of the pegmatite fields.
Beryl-phosphate pegmatites
The beryl-phosphate pegmatites are not usually part of pegmatite fields in the Central Iberian Zone, and belong to the beryl-phosphate subtype defined in the classification of Černý & Ercit (2005) . In these pegmatites, Li is mainly contained in Fe-Mn phosphates, usually of the triphylite-lithiophilite series (e.g. Cañada, Pedra da Moura, Nossa Senhora da Assunção). The phosphate masses are sub-rounded and up to 1.5 m in diameter, typically occurring in the intermediate zone of pegmatites that show a well-developed internal structure and a coarse grain size. The major minerals in the pegmatites include quartz, K-feldspar, plagioclase, beryl, muscovite, biotite, with schorl, Nb-Ta oxides and apatite as minor or accessory phases. The shape of the beryl-phosphate bodies varies from tabular to turnip-shaped, and they are typically hosted by anatectic granitic plutons, frequently with a gradual contact with the host rock.
Lithium mineralization associated with leucogranitic cupolas
This paragenesis is not as common as the pegmatites described above. This type of Li mineralization occurs in the apical or marginal areas of highlyfractionated leucogranites, hosted by metasedimentary rocks of the Schist-Metagreywacke Complex. The associated leucogranites are typically fine grained and enriched in B, Li and F (Martín-Izard et al., 1992 , Roda-Robles et al., 2012b . The apical/marginal zones are quite heterogeneous and include a range of mineral associations. The most common association consists of a fine-grained matrix of quartz, albite and Li-mica surrounding coarser crystals of K-feldspar that grew perpendicularly to the contacts with the host-rock. Accessory minerals in this association include topaz, montebrasite, petalite, cassiterite and columbite-tantalitegroup minerals. A second typical facies includes fine-to medium-sized layered, sub-horizontal textures (stockscheider), with lepidolite-rich bands alternating rhythmically with feldspar-rich bands (e.g. Castillejo de Dos Casas) (Fig. 2b) . The two facies may occur in the same intrusion (RodaRobles et al., 2015) . Usually the contact between the granitic and the pegmatitic rocks is gradual, being difficult to establish the limit between both lithologies (Roda-Robles et al. 2012b .
Quartz-montebrasite veins
Lithium is locally enriched in quartz-rich hydrothermal veins that occur in association with leucogranitic bodies in the central parts of the Central Iberian Zone (e.g. Golpejas, Valdeflores, Barquilla, Massueime). The veins typically occur as thin (<1 m thick) subvertical dyke-like bodies, hosted in fractures inside the granites and the metasedimentary rocks of the Schist-Metagreywacke Complex. The main Li-rich minerals in these veins belong to the montebrasite-amblygonite series, corresponding to the OH-rich member montebrasite. Feldspars and cassiterite are commonly present in these dykes, and Nb-Ta oxides plus other oxides and sulfides may be present locally, usually as accessory minerals.
Mineral composition and textures
The major Li-bearing minerals in the various styles of Li mineralization of the Central Iberian Zone and the Galizia-Trás-Os-Montes Zone include Li-micas, spodumene, petalite and phosphates of the triphylite-lithiophilite and amblygonitemontebrasite series. Elbaite, where present, mostly occurs as an accessory mineral. Table 2 lists the different major Li-bearing minerals in the different types of mineralization, their ideal structural formulae, Li contents of these mineral phases and general abundance in the different mineralization styles. Overall, Li-mica is the most common Li phase in the mineralization discussed here. Spodumene and petalite are particularly abundant in some of the dykes in the pegmatitic fields, whereas montebrasite is most commonly found in the hydrothermal veins. The main textural and geochemical features of these minerals are described below.
Li-mica
Most of the Li-micas studied belong to the muscovite-lepidolite series, although zinnwaldite is found in a few pegmatite bodies (Tables 1 and 2 ). In addition, abundant zinnwaldite, sometimes together with Li-muscovite and/or lepidolite, is found in the metasomatized mica-schists or granites hosting some of the mineralized zones (e.g. Valdeflores, Gonçalo).
In the pegmatite fields of the Central Iberian Zone and of the Galizia-Trás-Os-Montes Zone, Limica is usually restricted to the most fractionated bodies (i.e. the most enriched in incompatible elements), especially enriched not only in Li but also in F. These bodies are typically characterized by contact-parallel layering, consisting of a sequence in which Li-mica + quartz-rich layers alternate with albite + K-feldspar-rich bands (Fig. 2a) . In handspecimen, the Li-mica exhibits a typical lilac colour, and occurs as prismatic or wedge-shaped crystals (<2 cm) (Fig. 2c ) (e.g. Fregeneda-Almendra, Gonçalo, Tres Arroyos, Las Navas). On the basis of these textural features and its relationship to other minerals, mica is considered a primary phase. Limica may also form irregular, fine-grained, saccharoidal aggregates with quartz and feldspar, commonly cross-cutting the primary layering of the pegmatites. Mica showing these textures is considered to be a replacement product that originated during an episode of metasomatism. Li-micas associated with leucogranitic cupolas show quite similar textures, with primary mica flakes forming layers, and secondary fine-grained crystals intergrown with quartz forming irregular replacement bodies (e.g. Castillejo de Dos Casas). Less commonly, in these cupolas lepidolite forms white, pearly, subhedral flakes which are intergrown with anhedral quartz crystals in subrounded masses of up to 10 cm in diameter (e.g. Pinilla de Fermoselle). Li-micas have not been found in the beryl-phosphate subtype pegmatites, nor in the quartz-montebrasite veins.
Micas from the pegmatite fields and from Li mineralization associated with granitic cupolas plot on a similar trend in the Tischendorf diagram (Tischendorf et al., 2004) , originating from muscovitic compositions and evolving toward Lirich compositions (Fig. 3) . The highest Li contents in micas are those observed in mineralization associated with granitic cupolas (e.g. Castillejo de Dos Casas, Pinilla de Fermoselle), where some of the micas are very close to the polylithionite composition (Table 3, Fig. 3 ). In contrast, the micas associated with the most fractionated pegmatites in the pegmatite fields do not attain such high Li contents, the micas that are most enriched in Li being intermediate between trilithionite and polylithionite compositions (Table 3 , Fig. 3) , (e.g. Fregeneda-Almendra, Las Navas, Gonçalo, Tres Arroyos and Barroso-Alvão fields). In both cases the dominant mechanism of Li incorporation appears to be the exchange vector Li 3 Al -1 Vac -2 , and to a lesser extent Si 2 LiAl -3 (e.g. Roda-Robles et al., 2006; Vieira et al., 2011 , Martins, et al. 2012 ). In the beryl-phosphate pegmatites the mica composition follows the muscovite-biotite trend, with no Li (nor F) enrichment (Fig. 3) .
Iron-lithium-rich micas in Li mineralization associated with leucogranite cupolas follows an evolutionary trend from biotite through zinnwaldite toward polylithionite (Fig. 3) . In these micas, the Li enrichment is parallel to an Fe decrease, via the AlLiR -2 , SiLi 2 R -3 and SiLiAl -1 R -1 substitution mechanisms (Roda-Robles et al., 2006) . In metasomatized mica-schists hosting the quartz-rich hydrothermal veins at Valdeflores, both Fe-Li-rich and Al-Li-rich metasomatic micas can be distinguished. The Fe-Li-rich micas follow a similar trend to the Fe-Li-rich micas in the leucogranitic cupolas, whereas the Al-Li-micas show an evolution from muscovite towards zinnwaldite, with the Li enrichment via the substitution FeLiAl -1 Vac -1 (Fig. 3) . 
Lithium aluminosilicates
The two Li-aluminosilicate mineral phases, spodumene and petalite, are restricted to a few of the aplite-pegmatite dykes occurring in some of the pegmatite fields of the Central Iberian Zone and Galizia-Trás-Os-Montes Zone (Tables 1 and 2) . Spodumene is the most common Li-aluminosilicate associated with this type of Li mineralization (e.g. in the Fregeneda-Almendra, Lalín-Forcarei and Barroso-Alvão pegmatite fields). However, petalite is the dominant aluminosilicate in some pegmatites, both in the pegmatite fields mentioned above, and in some other fields (e.g. Queiriga-Lousadela, Seixoso-Vieiros, Dias et al., 2013) . It is also quite common for the two phases to coexist in the same body, showing different mutual relationships explained below (e.g. Fregeneda-Almendra and Barroso-Alvão). The abundance of these minerals in parts of the pegmatite is highly variable, from <2 vol.% up to locally ∼50 vol.% (Fig. 2d) . In all cases the crystals have highly-variable grain sizes, from very small crystals (<1 cm) to coarse wedgeshaped crystals up to 20 cm long. The largest grains are typically randomly distributed within the pegmatite, without any preferred orientation. However, in some cases they are perpendicular to the contacts with the country rock. Petalite and spodumene exhibit similar prismatic or wedgeshaped habits and whitish colours, making it difficult to distinguish between the two in the field. As spodumene is weathered, its cleavage becomes more visible and its colour changes to pale grey. In thin sections several different petrographic varieties of spodumene can be recognized. It appears most commonly as subhedral prismatic crystals, grouped in aggregates, with quartz, mica and plagioclase filling the spaces between the spodumene prisms (Fig. 4a) . It is locally very fresh, but more commonly shows varying amounts of alteration. This alteration usually begins at the margins of the crystals and in some cases the primary crystals are completely pseudomorphed by cookeite and/or clay minerals. Spodumene commonly appears intergrown with tiny blebs of quartz (Fig. 4b) , which probably corresponds to the SQUI texture defined by Černý and Ferguson (1972) and interpreted as the result of the breakdown of petalite into spodumene + quartz. Spodumene and petalite also coexist in some pegmatites with intriguing mutual relationships (some of which have already been described by Charoy et al., 2001 for BarrosoAlvão). These two minerals may form a lamella- like rhythmic layering, or mantled textures in which spodumene is rimmed by petalite. Petalite also appears interstitially between spodumene prisms (Fig. 4c) . In the dykes where petalite is the main Lialuminosilicate it shows different textures. The large wedge-shaped crystals of petalite that can be observed in hand samples appear in thin sections as very fine-to fine-grained aggregates of anhedral crystals (Fig. 4d ) . In common with spodumene, petalite may be partly or totally replaced by cookeite and clay minerals, or by eucryptite. Petalite has been also observed as an accessory mineral phase in the stockscheider of Castillejo de Dos Casas, where it forms anhedral fine-grained crystals.
Representative compositions of spodumene, petalite and eucryptite associated with Li mineralization from three localities in the Central Iberian Zone are given in Table 4 . In general the composition of these phases is quite similar across the different localities. There is some distinct variation in the Fe content of spodumene, which is typically lower in the dykes where it occurs together with Li-mica (<0.06 wt.%), than in those where micas are absent or scarce (up to 0.41 wt.%) (e.g. in the Fregeneda-Almendra field). In the case of eucryptite this difference is more noticeable, with up to 4.62 wt.% FeO in the crystals from pegmatites with no Li-micas (e.g. Barroso-Alvão), whereas in the dykes where Li-mica is abundant the FeO contents in eucryptite are always <0.36 wt.%.
Amblygonite-montebrasite series
Lithium aluminophosphates of the amblygonitemontebrasite series represent probably the ubiquitous Li phase of the Li mineralization of the Central Iberian Zone and Galizia-Trás-Os-Montes Zone (Tables 1 and 2 ). Amblygonite-montebrasite occurs as the main Li-bearing phase in a number of hydrothermal quartz veins, usually located around or inside leucogranitic cupolas (e.g. Valdeflores, Barquilla, Golpejas, Massueime, El Trasquilón). In these veins, it forms whitish irregular masses of up to 30 cm in diameter, distinguishable from albite by its notably higher density. It is commonly altered and replaced by other secondary phosphates, including lacroixite and turquoise, which gives a characteristic bluish or greenish colour to these phosphate masses (Fig. 2e) . Members of the amblygonite-montebrasite series constitute a common accessory phase in many dykes of the pegmatite fields (e.g. Fregeneda-Almendra, Barroso-Alvão, Tres Arroyos). In some of these TABLE 3. fields montebrasite may be the only Li-rich phase occurring in some of the less-fractionated pegmatites (e.g. Fregeneda-Almendra, Tres Arroyos). As an accessory phase, amblygonite-montebrasite occurs as whitish, fine-grained crystals. It may be locally very abundant in some of the most Lienriched dykes; for example, at Gonçalo it occurs in masses of up to 12 cm in diameter. Montebrasite has also been found in some of the beryl-phosphate pegmatites as an accessory mineral, together with other Al phosphates, such as eosphorite-childrenite (e.g. Cañada pegmatite). In these rocks, members of the amblygonite-montebrasite series appear as anhedral to subhedral crystals ranging in size from <1 mm to 5 mm, with high order interference colours and commonly showing polysynthetic twinning (Fig. 4e) .
Representative compositions of members of the amblygonite-montebrasite series associated with the four types of Li mineralization are listed in Table 5 . The F/OH ratios vary between the different hosting lithologies (Fig. 5a ). The lowest F contents are found in the montebrasites associated with the beryl-phosphate pegmatites (0.0-2.18 wt.%). Montebrasite in the quartz-montebrasite veins shows minor variations in the F/OH ratio, with F contents in the range 0.94-2.35 wt.% (Fig. 5a , Table 5 ). In contrast, in the Li mineralization associated with leucogranitic cupolas and in pegmatite fields, F/OH ratios are rather higher and the F content of amblygonite-montebrasite ranges from 0.43 to 5.33 wt.% and from 0.55 to 7.33 wt.%, respectively (Fig. 5a , Table 5 ). Nevertheless, the F median values are quite similar for the pegmatite fields, quartz veins and Li mineralization associated with leucogranitic cupolas (1.84, 1.69 and 1.77 wt.% respectively), whereas those of the samples from beryl-phosphate pegmatites are clearly lower (0.68 wt.%). In all cases the median and mean values correspond to the F-poor end-member montebrasite.
Triphylite-lithiophilite series Members of this series are the most common primary Fe-Mn phosphates associated with pegmatites all over the world. In the Central Iberian Zone they occur mainly associated with the berylphosphate pegmatites, forming dark, sub-rounded masses of up to 1.5 m in diameter (e.g. Cañada, Nossa Senhora da Assunção, Mangualde). Inside these masses silicate minerals are scarce or absent, quartz and plagioclase being the most common. More rarely, Fe-Mg-(Mn) silicates, such as tourmaline, biotite and/or garnet, appear in close contact with these phosphates, sometimes intimately intergrown with them ( Fig. 4f ) (e.g. Cañada pegmatite). In hand samples, fresh triphylitelithiophilite ranges from greyish to beige in colour (Fig. 2f ) . In thin sections, triphylitelithiophilite minerals are colourless, with very low order interference colours. Triphylite-lithiophilite crystals commonly host lenticular or irregular lamellae of sarcopside that show two preferential crystallographic orientations (e.g. Cañada, Nossa Senhora da Assunção) (Fig. 4g ). These lamellae are considered an exsolution product of a higher temperature precursor . Triphylite is typically altered following the oxidation sequence described by Quensel (1937) and Mason (1941) , with Li leaching and simultaneous progressive oxidation of the transition cations Fe 2+ and Mn 2+ , at a high temperature. The products of this alteration are, in succession, ferrisickleritesicklerite and heterosite-purpurite. In hand samples members of the ferrisicklerite-sicklerite series are dark brown, whereas in thin sections they show strong orange, yellowish and brownish colours (Fig. 4h) . Other common replacement products include members of the alluaudite-varulite series, in addition to long list of late-forming secondary phosphates (e.g. Roda et al., 2004) .
Iron-manganese phosphates occur only as accessory phases in the pegmatite fields, and in most of the Li mineralization related to granitic cupolas (e.g. Fregeneda-Almendra, Barroso-Alvão, Tres Arroyos, Castillejo de Dos Casas). Members of the triphylite-lithiophilite series are usually absent in these bodies, but their replacement products, typically members of the ferrisicklerite-sicklerite and heterosite-purpurite series, are relatively common, particularly in pegmatites which show intermediate degrees of fractionation. Only in one example of Li mineralization associated with granitic cupolas, the Pinilla de Fermoselle pegmatite, have volumetrically important amounts of Fe-Mn phosphates been found. In this pegmatite subrounded masses (<1 m in diameter) of ferrisicklerite occur in the intermediate zone of the pegmatite. No relict of triphylite has been observed, and ferrisicklerite has been considered here as a primary phase, subsequently replaced by heterosite and/or alluaudite plus a number of later secondary phosphates (Fig. 4h) (Roda et al., 1996) .
Representative compositions of Fe-Mn phosphates associated with beryl-phosphate pegmatites, pegmatite dykes from pegmatite fields and Li mineralization associated with leucogranitic 1.00
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Locality* = see Table 1 ; **Abbreviations: Spd = spodumene; Spd-L = spodumene coexisting with lepidolite; Ptl = petalite; Ptl = petalite coexisting with lepidolite; Eucr = eucryptite; Eucr-L = eucryptite coexisting with lepidolite;
" -" = not determined.
Li* (a.p.f.u.) = 1 Locality* = see Table 1 ; " -" = not determined; OH* = 1-F-Cl; Li* (a.p.f.u.) = 1-Na-K.
cupolas are reported in Table 6 and plotted in Fig  5b. The highest Fe and Mg contents are shown by the triphylite and ferrisicklerite crystals associated with the beryl-phosphate pegmatites (FeO from 22.7 to 45.5 wt.% and MgO from 0.0 to 11.7 wt.%). The Mn contents in the phosphates from the berylphosphate pegmatites are higher than those of Fe in just a few cases, and always close to the limit between triphylite-lithiophilite and ferrisickleritesicklerite (5.4-24.4 wt.% MnO) (Fig. 5b) . The FeMn phosphates in the pegmatite fields and in the leucogranitic cupolas are in general richer in Mn and poorer in Fe and Mg than those of the berylphosphate pegmatites. The lowest Mn and highest Fe values are quite similar for both types of mineralization, whereas the highest Mn and lowest Fe contents are found in the phosphates associated with the Li mineralization in leucogranitic cupolas (13.9-36.6 wt.% MnO and 8.47-43.8 wt.% FeO for the Li mineralization in leucogranitic cupolas; and 11.0-27.8 wt.% MnO and 18.0-36.5 wt.% FeO for the pegmatite fields) ( Table 6 , Fig. 5b ).
Discussion

Classification of the Li-rich bodies in the Central Iberian Zone
On the basis of field relationships, petrographic and mineralogical data, four types of Li mineralization have been established in the Central Iberian Zone. Three of these types, the pegmatite dykes in pegmatite fields, the beryl-phosphate pegmatites and the apical parts of leucogranitic cupolas, are dominated by granitic pegmatites with different mineralogy, textures, and relationships to host rocks. The fourth type, the quartz-montebrasite veins, are better considered as hydrothermal bodies due to the high proportion of quartz and the scarcity of minerals characteristic of granitic pegmatites, such as feldspars and micas. The mineral assemblage and composition of the three pegmatite types are consistent with the rare-element (REL) class, and REL-Li subclass, according to the classification of Černý and Ercit (2005) . The least Li-enriched pegmatites of the three types are usually those enriched in Fe-Mn phosphates and beryl, which may be classified in the beryl-columbite-phosphate subtype of the beryl type (Černý and Ercit, 2005) . The most Li-enriched bodies in the Central Iberian Zone are the most fractionated pegmatites in the pegmatite fields and the Li mineralization associated with leucogranitic cupolas. In these two cases the mineralogy and textures are quite similar, with Li-micas dominating in the most evolved Frich facies, whereas spodumene and petalite dominate in those bodies with lower F contents.
From the mineralogical point of view, these pegmatites could be assigned to the lepidolite, spodumene or petalite subtype of the complex type (Černý and Ercit, 2005) . However, the textures, internal structure and whole-rock compositions of these bodies are quite different to the most typical pegmatites of this type. The Central Iberian Zone and Galizia-Trás-Os-Montes Zone pegmatites commonly have aplitic texture, with strong preferred orientation of wedge-shaped feldspar crystals, and more rarely, spodumene and petalite crystals. The pegmatite bodies range from almost homogeneous to strongly layered, and are highly-enriched in albite. These features are more typical of the albite type than of the complex type pegmatites of the Černý and Ercit, (2005) classification. Therefore, the classification of these pegmatites is not easy using the groups established by these authors, as they share features of more than one type and subtype.
Origin and evolution of the pegmatitic melts in the Central Iberian Zone A magmatic origin for granitic pegmatites is currently the most widely accepted hypothesis for the genesis of pegmatitic melts, even if in some regions an anatectic origin is more probable or at least possible. Granitic pegmatites are mainly located in orogenic belts, being the result of the crystallization of melts that are produced in thickened continental crust due to heating generated by mechanical and/or radiogenic decay processes (Tkachev, 2011) . Granitic melts with a crustal origin are typically generated after the culmination of an orogeny, related to an extensional regime that lasts for 30 to 60 m.y. (Sylvester, 1998; Thompson, 1999; Bea, 2004) . These granites may be the parental magmas of some pegmatites enriched in rare elements (Tkachev, 2011) . Granites related to rare-element pegmatites are commonly peraluminous leucogranites. A possible source for these granites is found in peraluminous metasedimentary rocks, including greywackes and shales (e.g. Puziewicz and Johannes, 1988; Patiño-Douce and Johnston, 1991) . Such rocks represent a potential source for many of the Variscan granitoids in the western European Variscan belt (e.g. Peucat et al., 1988; Bea et al., 2003; Bea, 2004; Tartese and Boulvais, 2010) , including the Central Iberian Zone and the Galizia-Trás-Os-Montes Zone.
Variations in the nature and depth of the fertile zone could explain the variety of granitoids in this region (Bea, 2004) , with metasedimentary rocks of the Schist-Metagreywacke Complex representing possible candidates for the source of these granitoids (Bea et al., 1999 (Bea et al., , 2003 . Consequently, such source rocks could also be responsible for the rare-element enrichment in the pegmatites derived from those granites. Effectively, marine shales may be a source for rare alkalis, such as Li, Na, K, Rb and Cs, and alkaline earths, such as Be, (mainly contained in micas), and fluxing components (F, B and even P are usually present in black shales) (London, 2008) . Further investigation, nevertheless, is necessary to understand the origin of the parental melts, the mechanisms that led to the extremely high concentrations in rare elements and the distribution of the pegmatitic bodies around the parental pluton. Fractionation of granitic melts is the most widely accepted mechanism to explain the composition of rare-element pegmatitic melts. Fractional crystallization is controlled by a number of factors, including the viscosity of magmas, density and size of crystals, concentration of H 2 O and fluxing components, and dynamics/ deformation of the granite-pegmatite system. Gravitational settling is considered an effective fractionation mechanism for basic and ultrabasic magmas, as the differences of density among the crystals and melt are high enough to allow the just formed crystals to settle. However, in granitic magmas the high density of the melt, together with the lighter weight of the crystals, probably mean that this mechanism is not effective for fractionation, at least during the earlier stages, before the residual melt has become enriched in fluxes which may notably reduce its viscosity (Dingwell et al., 
(1)
(2)
(1) The a.p.f.u. are calculated on the basis of 4 O and Li* (a.p.f.u.) = 1.
(2) The a.p.f.u. are calculated on the basis of 4 O and P = 1 and Li* (a.p.f.u.) = calculated from charge balance. Locality* = see Table 1 ; *Abbreviations: Triph = Triphylite; Fsck = Ferrisicklerite.
1996). The distribution of the rare-element pegmatites in the pegmatite fields, often with the Li-Frichest facies occurring farthest from the parental granite, suggests a previous vertical chemical zonation of the melt within the source pluton. For example, in the Fregeneda-Almendra pegmatite field some Li-rich pegmatites lack zoning across the dyke, but show a clear mineralogical and chemical change along the dyke, with a continuous enrichment in F and Li northwards. This could be explained by the inheritance of a previous compositional zoning in the melt, before it intruded the fractures where it crystallized. The greater enrichment in Li, F, and probably also B and H 2 O, would notably reduce the viscosity of the most fractionated melts (Dingwell et al., 1996) , and would also lower the liquidus temperature, enhancing the mobility of the melt. A filter-pressing mechanism (Propach, 1976) , related to deformation that expels residual melts upwards, would result in a vertical chemical zonation in the magma chamber (Moyen et al., 2003; Bea et al., 2005) . If melt were expelled along fractures, the highly fractionated melt in the upper part of the magma chamber would escape first. The exsolution of a fluid phase could also help the extraction of residual melt from mushes (Sisson and Bacon, 1999) . Another mechanism that has been proposed to explain fractional crystallization to give a zoning around a pluton is that of differentiation 'en route' to the surface, with the segregation of solids during magma ascent, which would allow enrichment in incompatible elements in the residual melt (Tartese and Boulvais, 2010) . However, this mechanism probably did not have a significant influence on the chemical evolution of the pegmatites from the pegmatite fields described here, as the occurrence of Li mineralization in the apical parts of leucogranitic cupolas in the Central Iberian Zone, with a clear upwards zoning, indicates that in situ fractionation of the melt was an effective mechanism of melt differentiation. The compositional, mineralogical and textural similarities of the Li mineralization in the pegmatite fields and associated with leucogranitic cupolas indicate that the protoliths and fractionation mechanisms of the parental melts were quite similar for both. However, in the case of the mineralization associated with leucogranitic cupolas, most probably the system remained closed until the last stages of pegmatite crystallization (Roda et al., 2005; Roda-Robles et al., 2012b) . The higher Li and F enrichment attained by micas and the lower Fe/(Fe + Mn) ratios for phosphates from these bodies indicate a higher degree of fractionation. This may be due to loss of some volatile components, including H 2 O and B, from the melts escaping from the parental plutons, during their displacement. Removal of volatile components would have affected fractionation processes, as these fluxing components increase diffusivity and lower the solidus temperature, which enhances fractionation. The beryl-phosphate pegmatites usually occur inside anatectic granites, frequently with a gradual contact with the host rock. The degree of enrichment in rare elements (e.g. Li, F, B and Sn) for these bodies is much lower than that of the Li pegmatites from pegmatite fields and from leucogranitic cupolas. The volumetrically significant amounts of phosphates in these bodies may be explained by the behaviour of P in peraluminousperphosphorous granitic melts, where the activity of Ca is low and thus there is more P 2 O 5 than CaO to form normative apatite. Crystallization of plagioclase could cause a decrease in the Ca/P ratio in the melt. The excess of P 2 O 5 in late differentiates becomes stronger from the point where apatite no longer precipitates, that is, when P first behaves as an incompatible element (Bea et al., 1992) . This P is progressively concentrated in the residual melt until intermediate degrees of pegmatite fractionation, when its concentration in the melt decreases by the formation of phosphates and/or through tetrahedral substitution within the lattice of the feldspars. Generally there is a low content of mafic constituents in peraluminous granitic pegmatites. The large masses of Fe-Mn phosphate in these berylphosphate pegmatites indicate that, in this case, the concentration of Fe and Mn in the original melt was still moderately important. A scarcity of boron would also favour the crystallization of Fe-Mn phosphates instead of forming Fe-tourmaline (in these dykes, tourmaline is rarely found). Intermediate levels of in situ fractionation of anatectic peraluminous granitic melts represent the most plausible genetic model for these pegmatites (Roda-Robles et al., 2012b) .
Finally, the quartz-montebrasite veins were most probably generated from hydrothermal fluids associated with the latest stages of fractionation of parental granitic and/or pegmatitic melts. According to Černý and Ercit, (2005) a high μPFO2 is required for the crystallization of montebrasite. However, the F content in the montebrasite from these quartz dykes is usually low (Table 5 , Fig. 5a , median ≈1.69 wt.% F). If the formula proposed by London et al. (2001) to estimate the concentration of F in melt from the F content in amblygonite-montebrasite at 585°and 200 MPa H 2 O, is applied, the result is 0.44 wt.% F. This formula was used for calculation in pegmatitic melts, and it may not be appropriate for hydrothermal fluids. The high concentrations of P required to form montebrasite in these dykes could be explained, as in the case of the beryl-phosphate pegmatites, by the fractionation of P as an incompatible element from peraluminous-perphosphorous melts. In this case, a scarcity of mafic components in the original melt may have prevented the formation of Fe-Mn phosphates, allowing P to become enriched in the most fractionated melt.
Lithium exploration clues for the Central Iberian Zone
The most significant potential for Li mineralization in this region, with inferred economic interest, is associated with the pegmatite fields. In general, the pegmatite bodies with Li mineralization in the Central Iberian Zone are relatively small, which makes exploration and extraction more attractive in highly populated areas where a small, relatively short-lived open pit operation might have a lower impact on surrounding communities. At the same time, more than one Li-enriched body is usually present in an area with Li enrichment. Thus, various small operations could potentially bring more benefits and development into economically depressed areas of both Portugal and Spain.
As the pegmatite fields include pegmatites with varying degrees of Li enrichment, it is important to consider some common features for all the pegmatite dykes (barren and Li rich) that may help in the exploration of Li-enriched pegmatite fields: (1) An aplitic character, with high albite content. Plagioclase may be very white and in thin section it commonly forms myrmekitic intergrowths. (2) The presence of wedge-shaped Kfeldspar crystals, growing perpendicular to the contacts with the host rocks. Some K-feldspar crystals show greyish colours in hand specimen. In thin sections perthitic textures are usually absent or poorly developed. (3) Graphic quartz-feldspar intergrowths are usually absent. (4) Amblygonitemontebrasite and Fe-Mn phosphates are typical accessory minerals, even in the less-evolved pegmatites of those fields. (5) There are low mica proportions, unless the dyke is Li-mica rich. (6) Pinkish, greenish or, more rarely, bluish soapy masses of cookeite or clay minerals, up to 12 cm long, replacing petalite or spodumene crystals, are key features of some Li-rich pegmatites.
Final remarks
On the basis of field observations, and of the mineralogical, textural and compositional characteristics of the different types of Li mineralization found in the Central Iberian Zone, the following conclusions can be drawn:
(1) Li mineralization in the Central Iberian Zone may be classified in four types: aplite-pegmatite dykes usually grouped in pegmatite fields, Li mineralization associated with leucogranitic cupolas, beryl-phosphate pegmatites and quartzmontebrasite veins.
(2) The main Li minerals of these mineralization types include Li-mica, spodumene and/or petalite in the pegmatite fields and leucogranitic cupolas, triphylite-lithiophilite in the beryl-phosphate pegmatites and amblygonite-montebrasite in the quartz-montebrasite veins.
(3) The origin of the Li-mineralization in this region is probably related to the fractional crystallization of peraluminous melts generated by partial melting of metasedimentary rocks in the middle crust during the Variscan orogeny.
(4) The most fractionated pegmatitic bodies are those occurring in the leucogranitic cupolas and, to a lesser extent, in the pegmatite fields. The berylphosphate pegmatites show intermediate degrees of fractionation. The quartz-montebrasite veins are attributed to a later hydrothermal stage.
(5) The highest economic potential for Li is attained by the pegmatite fields, due to the notable Li enrichment shown by some of the dykes and the number of mineralized bodies in each field.
(6) Aspects of texture and mineralogy provide indicators that can be used for Li exploration in the Central Iberian Zone.
